ABSTRACT Based on the mutual coupling effect among the compressor, the air cooler and pipes in the system of natural gas pipeline, innovatively with the goal of minimum energy consumption, this paper established a combined operation optimization model of the air cooler and compressor through the optimization of the switching scheme of compressors and air coolers, which can greatly reduce the production energy consumption of the pipeline system. Moreover, when the air temperature is taken as an optimization variable, the most proper temperature to start the air cooler of each compressor station can be worked out to guide the optimized operation of the pipeline, which is of high value for promotion and application. The case analysis of west-east natural gas pipeline II showed that among genetic algorithm (GA), particle swarm optimization (PSO), and simulated annealing (SA) algorithm that are used to solve the optimization model, the genetic algorithm is the fastest, and the simulated annealing algorithm the slowest, but the optimization results of the simulated annealing algorithm is the best, in which the reduced production energy consumption accounted for 33.77%, testifying the practicability and creativity of the optimization model. INDEX TERMS Natural gas pipeline, air cooler, compressor, operation optimization, algorithm.
I. INTRODUCTION
In the long-distance natural gas pipeline, the air cooler is often installed at the compressor outlet of the compressor station. When the outlet temperature of the compressor is high, it is necessary to use air cooler to cool down the natural gas, causing the reduction of the viscosity of natural gas, the volume flow, the operating noise and the friction loss [1] , thus increasing the inlet pressure of the next compressor station, lowering the compression ratio of the compressor, and consequently reducing the energy consumption of the compressor set [2] . However, in the process of pipeline operation optimization, existing researchers tend to only take the energy consumption of the compressor into account but ignore the influence of the air cooler on the energy consumption of the compressor or
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even the whole pipeline system. In 2015, Xie et al. [3] made a comparison among switching schemes of air coolers in three compressor station through the determination of the outlet temperature of compressor station, to compare the energy consumption of compressor stations. However, in terms of the long natural gas pipeline, the number of compressor stations is large, and the pipeline mileage is long, so it is not possible to draw a conclusion only by comparing the schemes. Therefore, it is necessary to establish an operation optimization model of the pipeline including air coolers. The research on optimization model and calculation mainly includes the following four aspects:
(1) Objective function: in the operation optimization of the natural gas pipeline, Chi et al. [4] took the maximum gas volume as the objective function; Liu et al. [5] , [6] took the minimum energy consumption as the objective function; Demissie et al. [7] and Ghoujdi et al. [8] took the maximum VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 3.0 License. For more information, see http://creativecommons.org/licenses/by/3.0/ economic benefit as the objective function. The most widely used is the optimization model of minimum energy consumption. However, the optimization model established by previous studies never took the influence of the energy consumption of air coolers into consideration. This paper innovatively added the energy consumption of air coolers into the objective function to establish the combined operation optimization model of air coolers and compressors with the minimum total energy consumption of pipelines as the objective function.
(2) Optimization variables: They usually include the pressure and temperature of each joint, the flow of each unit (pipes and compressors), the condition and power of each compressor, among which, the pressure, flow and compressor power are continuous variables. Roger and Conrado [9] and Kody and Xiang [10] considered the condition of compressor as discrete variable. This paper, on the basis of the previous research, takes the number of power-on air coolers as an optimization variable as well.
(3) Constraints: Liu et al. [5] , [6] used the inequality constraints to limit the flow, pressure and temperature of the pipeline within a specified range. In addition, the economic constraints for starting air coolers should be considered [11] . Equation constraints mainly represent the control equations of gas flowing in pipelines, including mass balance equation, pressure equation and temperature equation [12] . Compressor constraints were firstly established on the basis of the assumption of the ideal compressor without combining with the actual working condition. Suming et al. [13] and Liu et al. [5] , [6] established a set of polynomials including surge curve and stagnation curve, to describe the feasible domain of the compressor, obtaining the constraints that accord with the actual operation of compressors. At the same time, the operation of compressors should satisfy their own constraints of rotating speed [14] . Moreover, the power constraints of the air cooler are also taken into consideration in this paper.
(4) Optimization algorithm: Goldberg [15] , for the first time, applied genetic algorithm [16] to solve the operation optimization problem of natural gas pipeline. Sanaye and Mahmoudimeh [17] used genetic algorithm to solve the optimization problem of natural gas pipeline network. Kennedy [18] proposed particle swarm optimization in 2010. Li et al. [19] - [22] used particle swarm optimization to find out the minimum energy consumption of natural gas pipeline network. Kirkpatrick et al. [23] proposed simulated annealing algorithm in 1979, but simulated annealing algorithm was not applied to the operation optimization of natural gas pipelines until 2007 [24] . Dorigo proposed the ant colony algorithm in 1992. Chebouba et al. [25] were the earliest to use the ant colony algorithm to solve the operation optimization problem of natural gas pipeline and in 2012, based on the steady-state assumption, the number of compressors and outbound pressure of a natural gas pipeline system were optimized [26] . Wu et al. [27] applied the differential evolution to the research on operation optimization of the pipeline including 11 pipelines and 2 compressor stations. When vector machines and artificial neural networks [28] , [29] are supported to solve the operation optimization of the pipeline, other optimization algorithms are usually used in combination. Borraz-Sánchez and Ríos-Mercado [30] proposed a hybrid discontinuous dynamic programming and taboo search method to solve the operation optimization of the natural gas pipeline. Wong and Larson [31] , in 1968, for the first time, used dynamic programming to solve the operation optimization model of the natural gas pipeline. Later on, Danilovic et al. [32] , Behrooz and Boozarjomehry [33] and Liu et al. [5] , [6] all successfully applied the dynamic programming. At present, there are quite a few algorithms which have been used to solve the operation optimization of the natural gas pipeline, but the problem is that only compressors are taken into account in the solving process. In this paper, the coupling relationship between the air cooler, the compressor and the pipeline is considered in the solving process, which greatly increases the solving difficulty.
In summary, the existing research results do not consider the influence of air coolers. In this paper, the air cooler is introduced into the natural gas pipeline operation optimization model, and the air cooler related performance constraints are added. An optimization model for the combined operation of air cooler and compressor is established with the aim of minimizing the total energy consumption of pipelines. The operation optimization model is solved by genetic algorithm, particle swarm optimization algorithm and simulated annealing algorithm. The optimal air cooler and compressor startup scheme which can greatly reduce energy consumption are proposed. In addition, this paper also innovatively proposes to use the ambient temperature as an optimization variable to obtain the optimum temperature for opening the air cooler in different seasons. These two tasks have important economic significance for energy saving and consumption reduction of long-distance pipelines.
II. MODELS AND METHODS

A. OBJECTIVE FUNCTION
In this paper, the minimum sum of the energy consumption of the compressor set and the air cooler set is taken as the objective function, and the optimization model is established based on the following basic assumptions: (1) the gas flow in the pipeline is in a steady state; (2) the flow in each compressor of each compressor station is equal; (3) the flow in each air cooler is equal. The technological process of the compressor set and the air cooler set is shown in Figure 1 .We use the notations listed in Figure 1 throughout this paper.
In which: F-The total energy consumption of compressor stations along the pipeline, tce; F ic -The energy consumption of the No.i compressor set of the compressor station, tce; 
B. OPTIMIZATION VARIABLES
After turning on the air cooler, the outbound temperature of the compressor station drops, and the subsequent friction resistance of pipeline drops with it, which leads to the increase of the outbound pressure of the next compressor station, the drop of the energy head supplied by the compressor, and the changing of the outbound pressure of the compressor station. Moreover, there is a direct relation between the outbound temperature of the compressor station and the number of power-on air coolers, and the latter could more directly reflect the energy consumption of the air cooler. Therefore, the outbound pressure of the compressor station, the number of power-on compressors and the number of power-on air coolers are taken as optimization variables.
In which: P id -The outbound pressure of the No. i compressor station, MPa; c i -The number of power-on compressors of the No. i compressor station; a i -The number of power-on air coolers of the No. i compressor station.
C. CONSTRAINTS 1) PRESSURE CONSTRAINTS
The pressure of pipe joint shall satisfy:
In which:P i -The pressure of the No. i joint, MPa; P imin − The minimum allowed pressure of the No. i joint, MPa; P imax − The maximum allowed pressure of the No. i joint, MPa;
N n − Pipe joint.
2) CONSTRAINTS OF PIPELINE STRENGTH
In order to ensure the safe operation of the pipeline, the gas pressure of the No. k pipe shall satisfy the constraints of pipeline strength:
In which: P k -The gas pressure of the No. k pipe, MPa; P kmax − The maximum allowed pressure of the No. k pipe, MPa;
N p − The number of pipes.
3) CONSTRAINTS OF FLOW CONSERVATION
According to the law of conservation of mass, at any joint of the pipeline, the mass of natural gas flowing into the joint should be equal to that out of the joint [6] .
In which: α ik − Coefficients. When the element k flows into the joint i, the α ik is +1, and when the element k flows out of the joint i, the α ik is −1.
4) THE PIPELINE'S PRESSURE EQUATION
The pipeline's pressure equation describes the relationship between the gas flow rate and pressures at inlet and outlet of the pipeline. The equation is derived from the one-dimensional momentum conservation equation. It takes the following form [35] :
In which: P Qj -The jth pipe's inlet pressure, Pa; P Qj is equal to compressor outlet pressure. P Zj -The jth pipe's outlet pressure, Pa; P Zj is equal to compressor inlet pressure.
M j -The mass flowrate in the jth pipe, kg/s; T cp -The pipe's average temperature, K;
L -The pipe length, m; D -The internal diameter, m; h− The elevation difference between the inlet and outlet of the pipe, m; g -The gravity acceleration, 9.8 m/s 2 ; R -The gas constant, 8.314 J/(mol·K); λ -The friction factor, which can be calculated by the ColebrookeWhite correlation:
In which: k-The absolute roughness of the pipe's internal wall, m; Re -The Reynold number. Based on the environment temperature and the inlet temperature, the average temperature T cp can be calculated by Eq. (9) [42]- [45] 
In which: C p -The specific heat capacity of the gas, J/(kg·K); T Q -The temperature at the pipe's inlet node, K; T 0 -The environment temperature, K; P Q -Starting point pressure, MPa; P Z -End point pressure, MPa; K -The pipe's overall heat transfer coefficient, W/(m 2 ·K);
Z is the compressibility factor, which can be obtained by equation of state. In this paper, PR state equation is used to calculate the compression factor, and the calculation formula is as follows [35] :
For a single component
For the mixture of natural gas components
In which: T -Natural gas temperature, K; T c -Natural gas critical temperature, K; T r -Natural gas contrast temperature, K; P-Natural gas pressure (absolute pressure), MPa; P c -Natural Gas critical pressure, MPa; P r -Natural gas contrast pressure, MPa; y i -The mole fraction of component i;
ω-Eccentric factor.
5) CONSTRAINTS OF THE PERFORMANCE OF AIR COOLERS a: THE POWER OF THE AIR COOLER
The fan of the dry air cooler is the most important energy consuming component, which is driven by the motor, and utilizes the rotation of large blades to accelerate the cold air flow to cool down the hot fluid in the finned tube. The calculation of fan power is equal to the calculation of the operating power of the air cooler.
In which: N -The power of fan shaft, KW; N − The shaft power coefficient. The figure is referred to the literature [35] ; D -Impeller diameter, m; n -The rotating speech of fan, rad/min.
b: THE OUTLET TEMPERATURE OF THE AIR COOLER
The calculation formula of the mean temperature difference of dry air cooler is as follow [34] :
In which: t mc -Log mean temperature difference of the dry air cooler, • C; T 1 -Inlet temperature of gas in the finned tube of the dry air cooler, • C;
T 0 -Outlet temperature of gas in the finned tube of the dry air cooler, • C; t 0 -Inlet temperature of the air at the finned tube bundle of the dry air cooler, • C; t 2 -Inlet temperature of the air at the finned tube bundle of the dry air cooler, • C.
The author, in the literature [34] , [35] , established a CFD model, simulated the relation between the difference of inlet and outlet temperature of air cooler, and fitted the results into the following form:
In which: T -The temperature drop of natural gas after cooling by the air cooler, K; T aircoolerout − The temperature of gas at the outlet of the air cooler, K;
T aircoolerin − The temperature of gas at the inlet of the air cooler, K;
T air − The air temperature, K; n -The number of power-on air coolers. The adopted value for e 1 , e 2 , e 3 , e 4 , e 5 , e 6 are as shown in Table 1 . 
c: CONSTRAINTS OF APPROACH TEMPERATURE DIFFERENCE
fluid gas and the inlet temperature of cold fluid gas. The approach temperature difference of the air cooler generally requires more than 15 • C [11] , otherwise it is uneconomical.
In which: T id -The outlet temperature of the air cooler, K; T i0 -The inlet air temperature of the air cooler, K.
6) CONSTRAINTS OF THE PERFORMANCE OF THE COMPRESSOR [6] a: THE COMPRESSOR POWER
In which: N -The compressor power set, kW; H -Polytropic head of the compressor, kg·m/kg; M -The ratio of the mass of natural gas to the gas flow, kg/s; η-The compressor power.
b: THE CURVE EQUATION OF THE COMPRESSOR HEAD
In which: h 1 , h 2 , h 3 -Fitting coefficients of head curve; S -The rotating speed of the compressor, rpm; Q -The flow of the compressor, m 3 /d. 
In which: s 3 , s 4 -Fitting coefficients of stagnation curve • The above equations are employed to fit the performance curve of the compressor shown in Figure 2 
7) THE COMPRESSOR'S TEMPERATURE EQUATION
The temperature of the natural gas also changes with the compression of the gas. The temperature change across the compressor can be calculated by Eq. (28) [35] :
In which: T d -the discharge temperature,K.
T s − The suction temperature, K; ε− Compression ratio; m-Polytropic index.
8) CONSTRAINTS OF COMPRESSOR POWER
The operation of the compressor shall satisfy the following power requirements [6] :
In which: N min -The minimum allowed power of the compressor, MW; N max − The maximum allowed power of the compressor, MW.
9) CONSTRAINTS OF THE ROTATING SPEED OF THE COMPRESSOR
The rotating speed of the compressor should be adjusted between the maximum and minimum rotating speed [6] .
In which: S min -The minimum rotating speed of the compressor, rad/min; S max − The maximum rotating speed of the compressor, rad/min. 
10) CONSTRAINTS OF THE OUTLET TEMPERATURE OF THE COMPRESSOR
The outlet temperature of the compressor, namely the outlet temperature of the air cooler, shall not exceed the following temperature constraints [6] .
In which: T m -The outlet temperature of the compressor, K; T m max − The maximum outlet temperature of the compressor, K.
D. OPTIMIZATION ALGORITHM
The methods for solving the optimal operation model of the natural gas pipeline can be considered mature. Based on Matlab software programming, this research employs the optimal solver and adopts GA [35] , PSO [36] - [38] and SA [39] - [41] to solve the model, so as to evaluate the strengths and weaknesses of such algorithms. The key parameters of these algorithms are determined as follows.
1) GA
Genetic algorithm (GA) has a wide range of applications in solving linear programming, stochastic programming, unconstrained optimization, interval programming, and target planning, as it can be processed for any form of objective function and constraints. The core content of the basic genetic algorithm includes four operations of elimination, crossover, mutation and copy. For the actual optimization problem, the following steps can generally be used to solve: a. Establish an optimization model and its mathematical expressions to determine the objective function; b. Determine the optimization variables and a series of constraints; c. Determine a method for calculating individual fitness;
d. Determine the relevant operational parameters of the genetic algorithm evolution process, that is, determine the population size of the genetic algorithm, the termination condition of the algorithm, the crossover probability, the mutation probability and other parameters.
Genetic algorithm solution flow chart shown in Figure 3 . In the evolution process, the population size is set at 60 with crossover probability at 0.8 and mutation probability at 3%. The termination criterion is the maximum evolution algebra 400.
2) PSO
Particle Swarm Optimization (PSO) is a method based on the foraging process of bird populations to find optimized paths under the coordination of groups. In the particle swarm optimization process, each optimization problem is treated as a particle, and an adaptive value is determined by the optimization function in the search space to determine the state of the particle at this position. Each particle can find an optimized position and speed with memory in a certain position, determining the direction and distance of the next step.
The bird is abstracted into particles (points) without mass and volume, and extended to the N-dimensional space. The position of the particle I in the N-dimensional space can be represented by the vector X i = (x 1 , x 2 , · · · , x N ), and the flying speed can be represented by the vector V i = (v 1 , v 2 , · · · , v N ). Each particle has a fitness value, and the fitness value is determined by the objective function. In addition, it knows the best position (pbest) that it has found so far and the current position X i , which can be considered as a particle. Individual flight experience. In addition, each particle also knows the best position for all particles found in the entire population (gbest, gbest is the best value in pbest), which can be considered as the flying experience of particle companions. Particles are based on their own experience and the best experience of their peers to determine the next move, and gradually find the global optimal solution.
Particle Swarm Optimization algorithm solution flow chart shown in Figure 4 . Take 40 particles with particle length at 42, then set the maximum speed at 15% of the variation range of each dimension variable and set the acceleration coefficient at 2.0.
3) SA
Simulated Annealing(SA) algorithm is derived from the principle of solid annealing. It is a probability-based algorithm that warms the solid to a sufficiently high temperature and then slowly cools it. When heating, the solid internal particles become disordered with temperature rise, and the internal energy increases. Large, and slowly cooling particles gradually become ordered, reaching equilibrium at each temperature, and finally reaching the ground state at normal temperature, the internal energy is reduced to a minimum. The simulated annealing algorithm adds random factors to the search process. In the process of searching, the simulated annealing algorithm will accept a value that is worse than the current solution under a certain probability, so there will be a certain probability to jump out of the local optimal solution, thus finding the global optimal solution and improving the global search ability.
The basic flow of the simulated annealing algorithm is as follows:
a. Initialize, randomly generate a set of initial solutions, i ∈ S, given the initial temperature T 0 , set the termination temperature to Tend, and make the initial value of the iteration index k = 0, T k = T 0 ; (Note: T 0 should be large enough to make F/T k → 0) b. Randomly generate a neighborhood solution, j ∈ N (i) (N (i) representing the neighborhood of i), and calculate the increment of the objective function, F = F 2 − F 1 ; c. If F < 0, then let 1 = 2, go to step d (2 better than 1 is unconditional transfer); otherwise, generate ξ ∈ U (0, 1), if exp (− F/T k ) > ξ , then let 1 = 2 (1 is better than 2, transfer under certain acceptance probability conditions).
d. If the number of internal cycles is greater than n (T k ), go to step 5, otherwise go to step 2.
e. Let k = k + 1, reduce T k by cooling method, if T k < Tend ends the loop, otherwise go to step 2. There are two methods to reduce T k , Method 1:let T k+1 = T k · q, where q ∈ (0.95, 0.99); Method 2:let T k+1 = T k − T . In this paper, method 1 is adopted to reduce T k , which is simple and feasible. Simulated Annealing algorithm solution flow chart shown in Figure 5 .
The initial temperature is 100, ending with 0.001. The cooling factor is set at 0.98.
III. RESULTS AND DISCUSSIONS A. OPTIMIZATION CASE
A large natural gas pipeline has a total length of 2441km and a pipe diameter of 1219mm, with designed pressure of 12MPa and designed capacity of 300×10 8 Nm 3 /a. There are 19 stations, of which 14 stations are equipped with 32 centrifugal compressors and 178 dry air coolers. Each air cooler is configured with two draught fans. The model of the dry air cooler installed is GP12×3-6-258-13.0S-S-23.4/DR-Ia. The geometry of the dry air cooler is shown in Figure 6 .
1) ACTUAL OPERATION SCHEME
The volume of distribution and injection of stations along the pipeline are displayed in Figure. 7 and schematic diagram of pipe network layout and pipe length between compressor stations are shown in Figure. 8. Moreover, the daily operation report of the pipeline on February 3, 2018, is shown in Table 2 .
It can be seen from the report that the air coolers were not switched on in the actual operation scheme due to the low ambient temperature in February while there were 21 compressors being powered on. However, the natural gas outlet temperature is still high, leaving considerable room for further optimization in terms of the number of power-on air coolers and energy consumption.
2) OPTIMIZATION RESULT
As shown in Table 3, Table 4 and Table 5 , these optimization schemes are obtained through the three algorithm solutions mentioned above. Specifically, when adopting the GA method, there are three fewer power-on compressors and 63 more power-on air coolers in the optimized solution, compared to the actual operation scheme.
When it comes to the PSO method, there are one fewer power-on compressor and 58 more power-on air coolers in the optimized solution, compared to the actual operation scheme.
In regard to SA method, there are three fewer power on compressors and 93 more power-on air coolers in the optimized solution, compared to the actual operation scheme.
Therefore, it can be seen that the number of air coolers has increased and the number of compressors has reduced in the optimization schemes. Meanwhile, Figure. 9, Figure. 10 and Figure. 11 show the differences between the actual operation scheme and these three algorithm solutions in the inlet and outlet pressure, outlet temperature and average efficiency of compressor units.
The total pressure drop between compressor stations can be calculated according to Figure. 9 . Specifically, compared to the total pressure drop of the actual operation scheme, that of GA, PSO and SA is 0.28MPa, 0.11MPa and 2.57 MPa lower respectively.
Further, since air coolers are switched off in winter, the outbound temperature is higher in the daily operation report. By contrast, more air coolers are designed to power on according to these three optimization solutions, leading to a marked decrease in outlet temperature in the solutions as shown in Figure. 10.
The average efficiency of compressors is compared in Figure. 11. It can be seen in these three solutions that there is a significant enhancement in the efficiency of diesel-powered and electric-powered compressor units, thus achieving the goal of energy conservation and consumption reduction.
3) ENERGY CONSUMPTION CALCULATION
Based on the energy consumption calculation method proposed in the previous studies [3] , [4] , various energy consumption indexes of each compressor station are calculated, such as the gas consumption, power consumption and production energy consumption, which lays a solid foundation for the comparison between the actual operation scheme and each optimization scheme as shown in Table 6 . It can be concluded that there is the lowest production energy consumption in SA solution and therefore SA is crowned with the optimal scheme.
B. DISCUSSION 1) COMPARATIVE ANALYSIS OF OPTIMIZATION ALGORITHMS
It is necessary to evaluate the advantages and disadvantages of an algorithm from two aspects: the optimization efficiency and the optimization quality, namely, the solution speed. Therefore, the optimization efficiency of the three optimization solutions, specifically, the solution time and the solution steps, are first compared, as shown in Figure. 12. It can be seen from Figure. 12 that GA converges in 240 steps, which takes 106.64s and PSO converges in 480 steps, which takes 207.05s. However, SA converges in 3158 steps (convergence is not indicated in Figure. 12 due to a large number of steps), which takes 231.51s. Although its optimization scheme is considered the best solution of the three, its calculation steps can take such a long time, resulting in lower optimization efficiency.
Further, optimization quality can be compared based on the energy consumption indexes of different optimization algorithms above, With total energy consumption indexes in Figure. 13, the merits and drawbacks of the optimization results of different optimization algorithms for the calculation example in this research can be more visualized. It can be concluded from Figure. 13 that the three algorithm optimization schemes all reduce the total production energy consumption, while there is also a marked decline in the gas consumption of the diesel-powered compressors. Nevertheless, the power consumption is slightly ascending compared with the actual operation scheme due to the increased number of power-on air coolers in the optimization schemes. After converting power consumption and gas consumption into standard coal consumption, the total production energy consumption is still much lower than that in the actual operation scheme. Specifically, SA optimization scheme reduces the production energy consumption by 17.02%, PSO optimization scheme by 16.95% and SA optimization scheme by 33.57%. Therefore, the energy consumption is greatly decreased in these three optimization solutions.
In general, the optimized operation schemes solved by the three algorithms reduce the gas consumption and the number of power-on compressors. However, these solutions increase the power consumption due to more power-on air coolers to lower the outlet temperature of some compressor stations, so as to reduce the friction loss of pipelines in the latter sections, the pressure head required by the compressors and the gas consumption. Therefore, it can be concluded from the optimization results that optimized operation schemes that take air coolers into account can significantly lower the total production energy consumption of the compressor stations of the long-distance natural gas pipeline, which proves the optimization objective is correct and practical.
2) ANALYSIS ON THE BEST TIMING TO POWER ON AIR COOLERS
The heat transfer mechanism of air coolers is the heat exchange between the cold air and the high-temperature natural gas through finned tubes, and hence the air temperature casts direct influence on the cooling effect of air coolers. Further, given annual temperature of stations along the pipeline ranging from below −18 • C to above 30 • C, when to power on air coolers for greater economic benefits is the most concerned issue of the station management department. Therefore, the air temperature is considered an optimization variable in this research in order to find out the most suitable air temperature for each compressor station to turn on its air coolers. As shown in Figure. 14, the total energy consumption of the compressor units across the pipeline In Figure. 14: N compressor,n − compressor energy consumption of compressor station n, tce; N aircooler,n − air cooler energy consumption of compressor station n, tce;
T summer,n − summer air temperature of compressor station n, • C, in which T s min,n is the lowest temperature in summer and T w max,n is the highest temperature in summer;
T winter,n − winter air temperature of compressor station n, • C, in which T w min,n is the lowest temperature in winter and T w max,n is the highest temperature in winter;
It is displayed in Figure. 15 and Figure. 16 about the temperatures of each compressor station suitable for switching on air coolers in winter and summer. It can be seen that these temperatures recommended by the three algorithms are approximate, which proves that the calculation results are accurate. Moreover, due to the lower temperature in winter, the cooling effect after turning on the air coolers is better, and hence the energy consumption can be greatly reduced. Therefore, when the temperature is below the optimal temperature curve, powering on air coolers can be more likely to reduce the energy consumption of the whole pipeline. Comparatively, while the temperature is above the optimal temperature curve, the cooling effect is poorer, which can increase the total energy consumption. As a result, given higher air temperature and outlet temperature of natural gas in summer, if the air temperature is below the optimal temperature curve, it is well advised to power on air coolers for energy consumption reduction of the pipeline, otherwise it may increase energy consumption if the air temperature is above the curve. For this reason, it is suggested to turn on the air coolers when the air temperature is below the temperature curves as shown in Figure. 15 and Figure. 16, so as to lower energy consumption and obtain greater economic benefits.
IV. CONCLUSION
(1) In the gas transmission pipeline system, the compressors, air coolers, and pipelines are coupled and interacted with each other. The innovation of this research is to set up an optimization model for the combined operation of air coolers and compressors with the goal of achieving lowest energy consumption. By optimizing the scheme of powering on compressors and air coolers, the production energy consumption can be significantly reduced, which is of great application value.
(2) Given the direct influence of air temperature on the cooling effect of air coolers and the tremendous variation of annual air temperature of stations along the pipeline, when to power on air coolers for greater economic benefits is the most concerned issue of the station management department. For this reason, this research proposes to take the air temperature as an optimization variable to seek for and optimize the most suitable air temperature for each compressor station to switch on its air coolers. Such a solution can serve as an optimal guide on the pipeline operation for further promotion and broader use.
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